The morphology of the mature motor neuron dendritic arbor is determined by activity-dependent processes occurring during a critical period in early postnatal life. The abundance of the AMPA receptor subunit GluR1 in motor neurons is very high during this period and subsequently falls to a negligible level. To test the role of GluR1 in dendrite morphogenesis, we reintroduced GluR1 into rat motor neurons at the end of the critical period and quantitatively studied the effects on dendrite architecture. Two versions of GluR1 were studied that differed by the amino acid in the "Q/R" editing site. The amino acid occupying this site determines single-channel conductance, ionic permeability, and other essential electrophysiologic properties of the resulting receptor channels. We found large-scale remodeling of dendritic architectures in a manner depending on the amino acid occupying the Q/R editing site. Alterations in the distribution of dendritic arbor were not prevented by blocking NMDA receptors. These observations suggest that the expression of GluR1 in motor neurons modulates a component of the molecular substrate of activity-dependent dendrite morphogenesis. The control of these events relies on subunit-specific properties of AMPA receptors. Dendrites play a decisive role in the computational work of neurons within the vertebrate CNS. The size and complexity of the dendritic arbor influences this process in several ways (Hausser et al., 2000) . Dendritic morphology impacts on the electrical and chemical compartmentalization of signals received by a neuron (Spruston et al
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Key words: activity-dependent development; motor neuron; dendrite; glutamate receptor; AMPA receptor; NMDA receptor; RNA editing; spinal cord Dendrites play a decisive role in the computational work of neurons within the vertebrate CNS. The size and complexity of the dendritic arbor influences this process in several ways (Hausser et al., 2000) . Dendritic morphology impacts on the electrical and chemical compartmentalization of signals received by a neuron (Spruston et al., 1995; Segev, 1998; Helmchem, 1999; Magee, 1999; Nusser, 1999; Vetter et al., 2001 ) and thereby impacts on neuronal information processing (Mainen and Sejnowski, 1996; Korogod et al., 2000; Wei et al., 2001 ). In addition, dendritic morphology influences the number and types of synaptic inputs into neurons Purves and Hume, 1981; Purves, 1983) . In light of the profound ways that dendritic architecture influences the input-output relationships of the neuron, it is not surprising that the factors controlling dendrite development are under intense scrutiny (Stuart et al., 1999) .
Although the initial extension of dendrites occurs soon after neurogenesis and neuronal migration (Jackson and Frank, 1987) , dendrites continue to grow and change after birth in coordination with the establishment of precise interneuronal synaptic communication. This raises the possibility that synaptic activity may influence dendritogenesis, an idea confirmed in various developmental situations throughout the neuroaxis (Katz and Constantine-Paton, 1988; Bodnarenko and Chalupa, 1993; Kalb, 1994; McAllister et al., 1995 McAllister et al., , 1997 Rajan and Cline, 1998) . Two salient features of activity-dependent sculpting of the dendritic arbor have emerged (Shatz, 1990; Goodman and Shatz, 1993) : (1) large scale changes in dendrites occur during a critical period in early postnatal life on a time scale of days or weeks, and (2) activitydependent plasticity involves excitatory neurotransmission and the activation of glutamate receptors.
What molecular mechanisms subserve activity-dependent development of dendrites during a critical period of postnatal development? Previous work has shown that spinal motor neurons undergo glutamate receptor-mediated activity-dependent development (Kalb and Hockfield, 1990; Inglis et al., 1998) . During this critical period, the repertoire of glutamate receptors expressed by developing motor neuron differs significantly from the glutamate receptor phenotype of mature motor neurons (Kalb et al., 1992; Stegenga and Kalb, 2001) . For example, neonatal, but not adult, motor neurons express very high levels of the GluR1flip subunit of the AMPA-type glutamate receptors (Jakowec et al., 1995a,b) . The pharmacological and electrophysiological signature of GluR1-containing AMPA receptors is found in neonatal motor neurons, confirming the functional contribution of this subunit (Carriedo et al., 1996; Bar-Peled et al., 1999; Vandenberghe et al., 2000a,b) . This subunit is the "flip" isoform (Jakowec et al., 1995b) and contains a glutamine at the site that in the AMPA receptor subunit GluR2 is the critical Q/R RNA editing site known to control calcium permeability and current-voltage (I-V ) relation-ships (Sommer et al., 1991; Burnashev et al., 1992; Jonas et al., 1994) .
To test the hypothesis that expression of GluR1 in motor neurons is a determinant in establishing dendritic morphology, we used viral vectors to express GluR1flip in motor neurons (Neve et al., 1997) when endogenous GluR1flip expression had reached low levels (Jakowec et al., 1995a,b) and the dendritic tree had achieved its mature architecture (Kalb, 1994) . Furthermore, to investigate the involvement of specific electrophysiological properties of AMPA receptor signaling, such as calcium permeability, we used two constructs: naturally occurring GluR1(Q)flip, and a mutant GluR1(R)flip.
MATERIALS AND METHODS
cR NA synthesis. cRNA synthesis was performed as described earlier (Hollmann et al., 1994) . Briefly, template cDNA was linearized with a suitable restriction enzyme, and cRNA was prepared from 1 g of linearized cDNA using an in vitro transcription kit (Stratagene, Heidelberg, Germany). The standard protocol was modified such that each nucleotide was used at 800 M, except for GTP (200 M); 400 M m7 GpppG was included for capping. The reaction time was extended to 3-4 hr using T7 polymerase. Trace labeling was performed with [ 32 P]UTP (Amersham, Braunschweig, Germany) to allow calculation of yields and transcript quality check by agarose gel electrophoresis.
Electrophysiolog ical recordings f rom Xenopus ooc ytes. Using a Drummond microdispenser, 50 nl of cRNAs was injected into oocytes of stages V-V I that had been removed from the ovaries of Xenopus laevis as described elsewhere (Everts et al., 1997) . Four to eight days after cRNA injection, two-electrode voltage-clamp recordings were performed with a T urboTec 10CD amplifier (npi, Tamm, Germany) by superf usion of the oocytes with glutamatergic agonists (100 -300 M) prepared in normal frog Ringer's solution containing (in mM): 115 NaC l, 1.5 C aC l 2 , 2.5 KC l, 10 H EPES-NaOH, pH 7.2. Current electrodes were filled with 3 M CsCl and had resistances of ϳ0.5-1.5 M⍀. Voltage electrodes were filled with 3 M KC l and had resistances of ϳ4 M⍀. Oocytes were held at Ϫ70 mV, and agonists were applied for 20 sec at a flow rate of 10 -14 ml /min. Current-voltage relationships were determined with 2 sec voltage ramps from Ϫ150 mV to ϩ50 mV. C alcium permeability was tested by performing current recordings in calcium-Ringer's (80 mM CaCl 2 and 10 mM H EPES, pH 7.2, adjusted with N-methyl-D-glucamine). Recordings from oocytes heterologously expressing glutamate receptors (either GluR1(Q)flip or GluR1(R)flip alone or combined) were replicated between 3 and 11 times. Representative single traces from individual glutamate receptor-expressing oocytes are shown in Figure 2 .
Site-directed mutagenesis. Single nucleotide exchanges were introduced by PCR-mediated site-directed mutagenesis using mutagenetic primers as described previously (Hollmann et al., 1994) . All mutations were verified by chain-termination method sequencing using the Sequenase kit from USB.
Preparation of viral vectors. Viral constructs were made using the Herpes simplex virus (HSV) amplicon system, as described previously (Neve et al., 1997) . Rat GluR1(Q)flip, rat GluR1(R)flip, and LacZ cDNAs were inserted into HSV amplicon HSV-PrpUC, and the recombinant plasmids were packaged into virus particles in the cell line 2-2, using the replication-incompetent I E2 deletion mutant 5dl1.2, derived from the KOS strain, as helper virus (Lim et al., 1996; Neve et al., 1997) . The virus was purified on a sucrose gradient and resuspended in sucrose. Viral titers used in these studies were 3-5 ϫ 10 7 plaque-forming units/ml. In vivo deliver y of virus. Sprague Dawley rats, 23 d old, were anesthetized with ketamine (50.0 mg / kg) and xylazine (4.0 mg / kg). The sciatic nerve was exposed, and ϳ3 l of virus was injected through a microelectrode at a rate of 2 l /min. After removal of the microelectrode, the wound was sutured, and animals were allowed to recover from anesthesia. After 5 d, animals were killed by perf usion fixation, and the spinal cords harvested.
One set of postnatal day (P) 23 rats was injected with HSVGluR1(Q)flip and received daily intraperitoneal injections of 1 mg / kg of M K-801 [(5R,10S)-(ϩ)-5-methyl-10,11-dihydro-5H-dibenzo(a,d)cyclohepten5,10-imine hydrogen maleate] dissolved in normal saline or the vehicle alone. After 5 d the animals were killed.
In vivo electrophysiolog y. Male rats (P26 -29) were anesthetized with urethane (1.5 mg / kg, i.p.) and prepared for electrophysiology using methods as described previously (Abraham and Mason, 1988) . The animal's rectal temperature was maintained at 37 Ϯ 0.1°C using a heating lamp. A stimulating electrode was placed in the perforant path fibers of the angular bundle, which contain excitatory afferent fibers to the dentate gyrus. A recording electrode was placed in the ipsilateral hilus of the dentate gyrus to maximize the field potential evoked by single shocks of the perforant path. After stabilization of the electrode placements, constant amplitude test pulses (150 sec pulse duration and sufficient to give a 2-4 mV population spike) were delivered at 20 sec intervals for 30 min before and 60 min after high-frequency stimulation (HFS) to induce long-term potentiation (LTP). HFS consisted of four sets of five 400 Hz trains (25 msec duration, 250 sec pulse width) spaced 1 sec apart, with 1 min between sets of trains. Measurement was made of the initial slope of the field EPSP (fEPSP) for each test response. The final 30 responses before HFS were averaged to obtain a mean baseline response, and all measurements were expressed as a percentage of this mean baseline value. The last 30 responses recorded after HFS were averaged to provide an index of LTP recorded 60 min after HFS. M K-801 (1 mg / kg, i.p.) or its saline vehicle was administered shortly after completion of the initial surgical procedures, but 2 hr before HFS. Because M K-801 can by itself cause a response depression (Abraham and Mason, 1988) , the stimulus strength was adjusted 30 min before HFS to ensure that the baseline response amplitudes were equivalent between M K-801 and control animals. Statistical comparisons were made with an independent Student's t test.
Immunohistochemistr y. Immunohistochemistry was performed within 2 d after animals were killed. The lumbar area of the spinal cord was sectioned on a vibratome (80 m), rinsed in 0.1 M phosphate buffer, and incubated for 48 hr with affinity-purified polyclonal rabbit antibody against GluR1 (Upstate Biotechnology, Lake Placid, N Y) or LacZ (5-prime 3-prime). Sections were then rinsed in phosphate buffer and incubated for 2 hr with biotinylated goat anti-rabbit antibody. Immunoreactivity was detected by reaction with a peroxidase-diaminobenzidine reaction (Vector). Sections were mounted on gelatin-coated slides, dehydrated, and coverslipped. Sections were viewed with Nomarski optics, and transgene-containing cells were analyzed using computer-assisted camera lucida software (Neurolucida; Microbrightfield Inc., Colchester, VT).
E xperiments were performed and data were collected in a way to minimize the potential for bias. All transgene-expressing neurons from a group of nerve-injected animals were drawn by R.C. or S.K . Drawings of neurons could not be made in a completely blind manner because there is endogenous GluR1 immunoreactivity in the dorsal horn of animals at this age and no endogenous ␤-galactosidase immunoreactivity. When camera lucida drawings were made of motor neurons from animals injected with HSV-GluR1(Q)flip or HSV-GluR1(R)flip, the drawer was blinded.
Before any neuron drawings were made, we established a set of criteria for inclusion in this study, and only neurons f ulfilling these criteria were analyzed. By only including these cells, transgene expressing neurons in which major portions of the dendritic tree were cut during tissue preparation were eliminated from the analysis. Because of the threedimensional geometry of the dendritic tree, some truncation is unavoidable. Although this method is likely to underestimate the overall size of the dendritic tree, it is a accurate measure of dendritic arbor, used by many investigators, that can be used to compare groups of animals (Kurz et al., 1986; Kalb, 1994) . Criteria for inclusion of a neuron in this study are as follows: (1) the neuron is aspiny and located within the ventral horn, (2) the dendrites are radially distributed (Ͼ180 o ), and (3) no more than one dendrite is truncated (less than three cell body diameters). The number of transgene-expressing neurons per animal is small (Neve et al., 1997) , and thus we were able to find on average only one neuron that fulfilled these criteria from approximately every other animal injected with virus.
DiI labeling. The lipophilic fluorochrome DiI (Molecular Probes) was injected postfixation into the ventral roots of the lumbar spinal cord, and cords were incubated at 37°C for 10 -14 d (Inglis et al., 1998) . Cords were sectioned (80 m), mounted onto glass slides, and viewed using epifluorescent optics, and neurons were traced using Neurolucida. A minimum 20 neurons were analyzed from each experimental group with the "Neurolucida" morphometry system (MicroBrightfield) using camera lucida. Approximately three DiI-labeled cells per animal f ulfilled the above criteria and could be drawn and added to the database.
Statistics. Statistical comparisons of neuronal characteristics in cells expressing transgenes were compared using ANOVA, using the harmonic mean to account for differences between group numbers. For Sholl analyses and analyses of data according to dendrite order, neurons were compared using repeated measures ANOVA, with length, or dendrite order, as the repeated measure. After ANOVA or repeated measures ANOVA, post hoc comparisons between groups were made using Scheffé's F test (Wallenstein et al., 1980) .
In a separate series of experiments, comparisons between GluR1(Q)flip-expressing cells and DiI-labeled cells were performed using Student's unpaired t test, with Bonferroni correction for multiple group comparisons.
RESULTS
In our test of the participation of GluR1flip in motor neuron dendrite morphogenesis, two preconditions needed be fulfilled.
(1) The GluR1flip gene must be expressed after the period when activity-dependent alterations of dendrites occur. We operationally define such motor neurons as "mature." (2) A method was needed for quantifying the dendritic tree of transgene-expressing cells. We chose a 5 d time interval for our investigations, and studies were performed in vivo. The advantage of this approach is that it reflects growth or remodeling effects occurring with behaving animals on a time scale commensurate with the known critical period (Kalb and Hockfield, 1988; Kalb, 1994; Inglis et al., 1998) . The cost of this advantage is that we lose the ability to see changes in dendrite shape that occur over a time frame of seconds to hours. It is known that dendritic spine movements occur on a time scale of seconds (Dailey and Smith, 1996; Fischer et al., 1998) , and dendrite branch additions and subtractions occur on a time scale of minutes/hours (Rajan and Cline, 1998; Wu and Cline, 1998) . Thus, the focus of this work is on larger scale, longer term net alterations in dendrites.
To determine when rat motor neurons had achieved their mature dendritic architecture, we quantitatively analyzed motor neuron dendrites labeled with the fluorescent tracer DiI. Comparison of DiI-labeled cells drawn from 23-and 28-d-old animals ( Fig. 1 ) revealed no morphological differences between these groups, indicating that development of mature patterns of dendritic arbor as assayed with DiI was complete by 23 d. This complements and extends previous work demonstrating no significant differences between the dendritic tree of P28 animals and 3ϩ month animals (Kalb, 1994) . We also found that administration of the NMDA antagonist MK-801 from P23 to P28 did not affect dendritic morphology (Fig. 1) . We used an MK-801 dosage regime shown previously to reduce dendritic arbor in younger animals (Kalb, 1994; Inglis et al., 1998) . These results confirm that motor neurons have reached their mature phenotype by P23 and are no longer undergoing large-scale activity-dependent alterations in branching pattern.
When neurons were infected with a virus engineered to express the LacZ gene, processed immunohistologically, and quantified, we were able to compare motor neuron dendrites identified by two different methods. We found no differences in any of our quantitative measures between the motor neuron dendritic trees of expressing ␤-galactosidase from P23 to P28 as compared with DiI-labeled P28 motor neurons (Fig. 1) . These results indicate that our viral vector method of introducing genes into motor neurons does not adversely affect the health of the cells, and the transgene labeling method per se does not measurably alter the dendritic arbor.
The two variants of GluR1flip used in this study differed only in the amino acid occupying the Q/R editing site. GluR1(Q)flip exists in nature, whereas GluR1(R)flip does not and to our knowledge has not been characterized previously. Before generating viral vectors capable of expressing these receptor subunits in motor neurons, we performed an electrophysiological study and side-by-side comparison of the functional properties of the two subunits in Xenopus oocytes. The results demonstrate that GluR1(Q)flip is highly calcium permeable ( Fig. 2A) with a rectifying I-V relationship (Fig. 2 D) , whereas GluR1(R)flip shows mostly reduced currents, is virtually calcium-impermeable (Fig.  2 B) , and has a linear I-V (Fig. 2 E) . The significantly reduced currents at GluR(R) receptors compared with GluR(Q) are a consequence of the substantially lower single-channel conductances of GluR(R) versions (Swanson et al., 1997) . Coexpression of the two subunits leads to heteromeric receptors with increased maximal current amplitudes and a low calcium permeability (Fig.  2C ) as well as a linear I-V (Fig. 2 F) , demonstrating that GluR1(R)flip dominates the functional properties when coassembled with GluR1(Q)flip. Thus, the mutant GluR1(R)flip behaves exactly like wild-type GluR2 receptors, which naturally occur in the edited (R) form (Hume et al., 1991; Verdoorn et al., 1991) . The advantage that the mutant GluR1(R)flip offers over GluR2 for this study lies in the presumably unbiased coassembly with GluR1 wild type, allowing manipulation of the functional properties of AMPA receptor complexes in vivo independent of potential subunit-specific sorting mechanisms.
Viral-mediated expression of GluR1(Q)flip and GluR1(R)flip had significant effects on several aspects of motor neuron architecture (Table 1) , compared with LacZ, but the pattern of effects differed with respect to the transgene expressed (Fig. 3) . The most prominent finding was that GluR1(Q)flip expression resulted in significantly greater numbers of branch-points and branch tips in comparison with GluR1(R)flip or LacZ. In addition, GluR1(Q)flip expression was associated with a reduction in the "longest dendritic path per cell," estimated by measuring the length of dendrite to the farthest branch tip from the cell body, a marker of how far from the cell body a dendrite is able to grow. Notably, there were no significant differences between groups in the total amount of dendritic arbor per cell, suggesting that the absolute amount of dendritic arbor supported by a cell remains constant, regardless of transgene expression, and that dendrite outgrowth is redistributed in GluR1-expressing neurons. GluR1(Q)flip and GluR1(R)flip expression tended to increase the soma area and the number of primary dendrites per cell, compared with LacZ controls, the magnitude of these changes attaining significance in GluR1(R)flipexpressing neurons (Fig. 3) .
To assess whether dendritic arbor is redistributed within a particular region of the cell arbor, we performed a modified Sholl , and a 1:1 mix of mutant and wild type (C, F ) recorded in Xenopus oocytes. Kainate (K A; 300 M) was used as the agonist, either in normal Ringer's (left traces in A-C) or in calcium Ringer's (CaR) (right traces in A-C). GluR1(Q)flip receptor channels have steady-state currents in the microampere range, whereas GluR1(R)flip receptor channels yield nanoampere range currents (note scale bars). The steady-state current when GluR1(R)flip is coexpressed with GluR1(Q) is also in the nanoampere range. The gentle upslope in B, right-hand panel, represents a slight reduction over time of the holding current ("leak current") and is typically found when oocytes are bathed in calcium Ringer's containing 80 mM calcium. Inspection of D and E reveals that the mutant GluR1(R)flip, contrary to wild-type GluR1(Q)flip, has a linear I-V curve, and on coexpression with wild-type GluR1(Q)flip, linearizes the I-V curve of the heteromeric complex. Coexpression also dramatically decreases the permeability to calcium.
analysis (Sholl, 1953) , in which dendritic arbor is measured as a function of radial distance from cell body. Using consecutive radial bins of 50 m, Sholl analysis revealed differences in the distribution of dendritic arbor, with a larger portion of dendritic arbor occurring closer to the cell body in cells expressing GluR1(Q)flip compared with other groups (Fig. 4 A) . In contrast, there were no significant differences between groups in the total amount of dendritic arbor as measured by the area under curve for the data present in Figure 4 A. This indicates that although redistribution of dendrite had taken place in GluR1(Q)flipexpressing cells, the total amount of dendritic arbor supported by a cell was preserved in each experimental group.
Sholl analysis also confirmed that there were significant differences between groups in the number of branch-points (Fig. 4 B) , with significantly more branch-points in motor neurons overexpressing GluR1(Q)flip than in GluR1(R)flip-expressing cells or the LacZ controls. The increased number of branch-points in the GluR1(Q)flip-expressing cells was limited to short distances from the cell body (Fig. 4 B) .
Sholl analyses verify that overexpression of GluR1 results in redistribution of dendritic arbor across the extent of the cell by the addition of branch-points, whereas the total amount of dendritic arbor is preserved. One explanation for this is that existing dendritic arbor had been redistributed in cells expressing GluR1(Q)flip, rather than simply the addition of extra branch segments. To test this, we analyzed the number and size of individual dendritic segments according to their branch order (Fig. 5) . These analyses demonstrated that cells expressing GluR1(Q)flip have significantly greater numbers of branch segments, of second order and higher, compared with LacZ. In contrast, however, the sizes of branch segments were significantly reduced in GluR1(Q)flip-expressing cells compared with GluR1(R)flip-expressing cells and LacZ controls. These results confirm that the precise morphological consequences of GluR1 Numbers represent mean Ϯ SEM of GluR1(Q)flip (n ϭ 25), GluR1(R)flip (n ϭ 27), or LacZ (n ϭ 21) expressing neurons. F and p values were created with ANOVA. * Significant difference from LacZ; † significant difference from GluR1(R)flip (Scheffé post hoc test).
Figure 3.
Representative examples of camera lucida drawings of transgeneexpressing motor neurons. These neuron drawings come from the lumbar spinal cord of P28 rats killed 5 d after injection of viral vectors into the sciatic nerve. Transgene-expressing cells were detected immunohistochemically, using primary antibodies against GluR1 or ␤-galactosidase. The three columns of three drawings correspond to motor neurons expressing GluR1(Q)flip, GluR1(R)flip, or LacZ, respectively. Scale bar, 100 m.
expression rely on editing at the Q/R site and suggest that expression of GluR1(Q)flip results in the rearrangement of dendritic arbor, to allow for the addition of branch segments. Enhanced conductance through AMPA receptors in transgene GluR1-expressing cells may increase ligand-receptor-mediated membrane depolarization. This would increase the activation of NMDA receptors, the receptor system previously implicated in motor neuron dendrite morphogenesis (Inglis et al., 1998) . To test whether the altered dendritic morphology characteristic of GluR1(Q)flip overexpression is a result of increased NMDA receptor activity, we examined the dendrite remodeling effect of GluR1(Q)flip in animals receiving a noncompetitive pharmacologic antagonist of NMDA receptors (MK-801) or vehicle.
To first determine whether intraperitoneal administration of 1 mg/kg MK-801 penetrates into the CNS at a dose sufficient to block NMDA receptors in young animals, we tested whether this dose of the drug blocked LTP in the dentate gyrus region of the hippocampus. Using adult animals, we have previously shown LTP in this region to be NMDA receptor dependent and blocked by MK-801 (Abraham and Mason, 1988) . In the present experiment using P26 -29 rats, we observed that vehicle-injected animals (n ϭ 4) showed a 36 Ϯ 6% induction of LTP, measured 60 min after HFS (Fig. 6) . In contrast, MK-801-injected animals showed no LTP (Ϫ10 Ϯ 4% LTP; n ϭ 4). Statistical analysis revealed that the degree of response change after HFS was significantly different between the two groups (t (3) ϭ 6.13; p Ͻ 0.01). These data confirm that, at the dose used, MK-801 penetrated into the brain sufficiently to block NMDA receptor function.
In the final series of experiments, MK-801 was administered daily to 23-d-old rats that received sciatic injections of HSVGluR1(Q)flip. Administration of MK-801 at this age does not itself result in reductions in dendritic arbor (Fig. 1) , which is characteristic of NMDA antagonist administration in younger animals (Kalb, 1994; Inglis et al., 1998) . Coadministration of MK-801 during GluR1(Q)flip transgene expression did not prevent the dendrite remodeling effects of GluR1(Q)flip expression (Fig. 6) , suggesting that AMPA receptor-mediated effects on dendritic morphology in these animals are produced independently of NMDA receptor activation.
DISCUSSION
In these studies we reintroduced into mature motor neurons a developmentally regulated glutamate receptor subunit normally expressed in great abundance by neonatal motor neurons. The major finding of this series of experiments is that expression of GluR1 in motor neurons at a time when dendritic architecture is mature leads to a remodeling of the dendritic arbor. One implication of these findings is that the biochemical and cellular machinery required to modify motor neuron dendrite architecture is present in mature motor neurons and, with the appropriate stimulus, can be engaged. GluR1 is sufficient to initiate the plasticity otherwise restricted to the neonatal activity-dependent critical period. A second implication of this work derives from the observation that electrophysiologically different versions of GluR1 have distinct effects on dendrites. This suggests that the establishment of dendritic geometry results from a collection of morphogenic events that can be independently regulated, at least in part.
Several technical considerations are engendered by these experiments. Because we are using viral vectors it is important to have confidence that this method of gene transfer is not introducing an extra variable into the experiments. Our initial characterization of the HSV-GluR1(Q)flip shows that the method for infecting motor neurons by intranerve virus injection does not cause damage to the neuromuscular unit (Neve et al., 1997) . A high level of transgene expression can be achieved this way, starting 12-18 hr after infection, and is sustained for at least 7 d in vivo. In the case of HSV-GluR1(Q)flip, functional GluR1-containing AMPA receptors are expressed on the motor neuron cell surface (Neve et al., 1997) . It is likely that virally transduced GluR1 subunits populate AMPA receptors on the cell body as well as synaptic and extrasynaptic sites (Shi et al., 1999; Passafaro et al., 2001 ). These results, in combination with a direct comparison of DiI-labeled motor neurons with immunohistology for ␤-galactosidase-labeled motor neurons (Table 1) , is strong evidence that this method of gene transfer does not introduce artifact.
In addition to altering the electrophysiological phenotype of HSV-GluR1(Q)flip-infected motor neurons, we use the GluR1 protein as a reporter of dendritic architecture. This is possible because there is low or absent endogenous GluR1 protein expression in motor neurons at this age (Jakowec et al., 1995a) . Immunohistologically, transgene GluR1 intensely labels the dendritic arbor, and it is unlikely that it selectively avoids particular segments of the tree. Without an independent method for labeling the tree, we cannot state unequivocally that the distal-most portions of the tree are filled by the transgene and thus detectable. Quantitatively, most of the dendritic tree is within ϳ400 m of the cell body, and our major findings relate to this portion of the dendritic tree. In addition, our modified Scholl analysis (Figs. 4, 5) indicates that dendritic length of fifth and higher order dendrites was the same regardless of whether the neuron was expressing GluR1(Q)flip, GluR1(R)flip, or ␤-galactosidase. Thus, the biological effects of the two forms of GluR1 are restricted to a spatial domain within 250 m from the cell body. For these reasons, even if the distal-most portions of the tree of HSVGluR1-infected motor neurons are truncated for technical reasons, it is unlikely to have an important impact on our results.
Investigations of activity-dependent development of neurons within several regions of the nervous system have focused on the involvement of the NMDA receptor (Crair and Malenka, 1995; Kirkwood et al., 1995; Zhang et al., 2000) . For example, NMDA antagonists disrupt the formation of ocular dominance columns in the visual cortex (Kleinschmidt et al., 1987; Bear et al., 1990) and other visual centers (Cline et al., 1987; Scherer and Udin, 1989) , whereas application of the agonist NMDA sharpens the boundaries of eye-specific visual fields (Yen et al., 1993 (Yen et al., , 1995 . Motor neurons similarly undergo NMDA receptor-mediated molecular and morphologic development during a critical period in early postnatal life (Kalb and Hockfield, 1990; Kalb, 1994) . Because motor neurons, and other neurons within the segmental spinal cord (Kalb et al., 1992; Stegenga and Kalb, 2001) , express NMDA receptors at the time of our experimental manipulation of GluR1 expression, it is plausible that NMDA receptors participated in the dendrite remodeling effects that we found. Our experiments using systemically administered MK-801 make this unlikely. We and others (Abraham and Mason, 1988; Gilbert and Mack, 1990; Morimoto et al., 1991; Robinson and Reed, 1992; Markevich et al., 1997; Leung and Shen, 1999; Morgan and Teyler, 1999) have shown that systemically administered MK-801 (dosing range, 0.1-1.0 mg/kg) blocks NMDA receptors (Fig. 6) . During the interval from P23 to P28, both dentate gyrus neurons and spinal motor neurons (Stegenga and Kalb, 2001 ) express NMDA receptors composed of heterooligomers of NR1-NR2A. Because MK-801 blocked LTP in the hippocampus of animals at these young ages (Fig. 6) , the simplest inference is that MK-801 also blocked the high-affinity NMDA receptors on motor neurons (Kalb et al., 1992; Laurie and Seeburg, 1994) . Furthermore, we previously have used this dosing regimen in animals that were 1-2 weeks younger and found significant dendrite remodeling effects (Kalb, 1994; Inglis et al., 1998) . Thus several lines of evidence argue against the participation of NMDA receptors in the GluR1(Q)flip dendrite remodeling that we have found. Our present results are most consistent with the idea that activation of AMPA receptors can be a key determinant of the morphogenesis of motor neuron dendrites. Because the abundance of GluR1 subunits is great in young animals during the period in which motor neurons attain their mature architecture (Jakowec et al., 1995a) , GluR1 expression by motor neurons may be one of the reasons the critical period of plasticity is restricted to early postnatal life.
We found that the precise features of dendritic morphology rely on specific electrophysiological properties of AMPA receptors composed of GluR1. GluR1(Q)flip resulted in rearrangement of the dendritic tree, with the addition of branch-points and segments close to the cell body, at the expense of distal portions of the tree. In contrast, GluR1(R)flip did not produce an increased number of branch-points but increased the number of primary dendrites emanating from the cell body and the cell body size. It has been proposed that the composition of AMPA receptors is determined in a combinatorial manner (Geiger et al., 1995) , and therefore the precise electrophysiological properties of endogenous AMPA receptors will depend on the relative expression levels of individual subunits. This suggests that the endogenous downregulation of GluR1(Q)flip expression in developing motor neurons would increase the relative contribution of GluR2 to AMPA receptors. This could occur by reducing the number of homomeric GluR1 receptors, by diminishing the percentage contribution of GluR1 into heteromeric receptors, or by both mechanisms. As a result of this, there would be an anticipated reduction of receptors displaying high calcium permeability and large unitary conductances.
The mechanism underlying the modest effect of GluR1(R) that we found on dendritic structure (in comparison with LacZexpressing neurons) is a matter of speculation. The effects of this form of GluR1 (never seen in nature) might be tied to its electrophysiologic properties (such as low conductance and linear I-V relationship) or perhaps to the ability of GluR1(R) to recruit other proteins (such as SAP97 and 4.1N,G) (Leonard et al., 1998; Shen et al., 2000) to the plasmalemma.
It seems unlikely that a simple "trophic" effect of more cell AMPA receptors would explain our findings (Vaughn et al., 1988) because the expression of GluR1(Q)flip in motor neurons apparently does not alter the overall size of the dendrite tree. Instead there appears to be a redistribution of a fixed amount of dendritic membrane with more branching occurring closer to the cell body. Notwithstanding this, the high conduction of activated GluR1 receptors as well as other phenotypic features (such as rectification and desensitization), in addition to calcium permeability, may also be an important signal for dendrite remodeling. The ability to manipulate these variables independently of calcium conductance will permit future exploration of this issue (Curutchet et al., 1992; Ferrer-Montiel et al., 1996; Stern-Bach et al., 1998) .
Previous investigators who have introduced GluR1 into neurons (by transfection or viral vectors) have found that it incorporates into synaptic as well as extra-synaptic cell surface AMPA receptors. There is complex regulation of GluR1-containing AMPA receptors by endocytosis and exocytosis and the movement between extrasynaptic and synaptic domains over the cell surface membrane (Beattie et al., 2000; Lin et al., 2000; Man et al., 2000; Passafaro et al., 2001; Shi et al., 2001 ). The differences between various in vitro (dissociated neurons versus slice cultures) and in vivo experimental preparations make direct extrapolation between studies difficult. Nevertheless, it is clear that transgene GluR1 has the capacity to incorporate into synaptic AMPA receptors.
From studies of rats that were reared in the presence or absence of gravity, we have found evidence for experiencedependent sculpting of the motor neuron dendritic tree (Inglis et al., 2000) . Compelling investigations performed in monkeys, cats, ferrets, and rodents have provided strong support for the idea that experience-dependent specification of synaptic connectivity and distribution, size, and complexity of axonal/dendritic arbors is mediated by the environmentally evoked patterns and level of synaptic activity (for review, see Shatz, 1990; Goodman and Shatz, 1993; Jessell and Kandel, 1993; Katz and Shatz, 1996; Bi and Poo, 2001; Zhang and Poo, 2001 ). As noted above, activation of synaptic NMDA receptors can play a key role in this process. In consideration of this framework, one scenario is that synaptic activation of AMPA receptors containing transgene GluR1 underlies the restructuring of the motor neuron dendritic tree. Synaptic plasticity mediated by activation of calcium-permeable AMPA receptors is known to occur in the spinal cord (Gu et al., 1996) . Transgene GluR1 might engage the same cellular machinery normally used during early postnatal life to establish dendritic architecture, raising the possibility that such processes are involved in the dendritic remodeling that we see (ConstantinePaton et al., 1990; Cline, 1998; Constantine-Paton and Cline, 1998) .
The involvement of calcium-permeable AMPA receptors in experience-dependent structural modification of dendrites has been described previously in retinal horizontal cells (Okada et al., 1999) . The normal expression of calcium-permeable AMPA receptors in early postnatal motor neurons (Carriedo et al., 1996; Bar-Peled et al., 1999; Vandenberghe et al., 2000a,b) may lead to an increased number of dendritic branch-points, and the subsequent reduction in GluR1 subunit abundance may promote maintenance of stable branch segments. The outcome of this dynamic situation could result in fine-tuning descending and segmental
